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Objective: Cartilage spinespin magnetic resonance imaging (MRI) relaxation time (T2) represents a
promising imaging biomarker of “early” osteoarthritis (OA) known to be associated with cartilage
composition (collagen integrity, orientation, and hydration). However, no longitudinal imaging studies
have been conducted to examine cartilage maturation in healthy subjects thus far. Therefore, we explore
T2 change in the deep and superﬁcial cartilage layers at the end of adolescence.
Methods: Twentyadolescent and 20mature volleyball athleteswere studied (each 10men and 10women).
Multi-echo spin-echo (MESE) images were acquired at baseline and 2-year follow-up. After segmentation,
cartilage T2 was calculated in the deep and superﬁcial cartilage layers of the medial tibial (MT) and the
central, weight-bearing part of the medial femoral condyle (cMF), using ﬁve echoes (TE 19.4e58.2 ms).
Results: 16 adolescent (6 men, 10 women, baseline age 15.8 ± 0.5 years) and 17 mature (nine men, eight
women, age 46.5 ± 5.2 years) athletes had complete baseline and follow-up images of sufﬁcient quality
to compute T2. In adolescents, a longitudinal decrease in T2 was observed in the deep layers of MT
(2.0 ms; 95% conﬁdence interval (CI): [3.4, 0.6] ms; P < 0.01) and cMF (1.3 ms; [2.4, 0.3] ms;
P < 0.05), without obvious differences between males and females. No signiﬁcant change was observed
in the superﬁcial layers, or in the deep or superﬁcial layers of the mature athletes.
Conclusion: In this ﬁrst pilot study on quantitative imaging of cartilage maturation in healthy, athletic
subjects, we ﬁnd evidence of cartilage compositional change in deep cartilage layers of the medial
femorotibial compartment in adolescents, most likely related to organizational changes in the collagen
matrix.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.4Introduction
Cartilage spinespin relaxation time (T2) represents a promising
magnetic resonance imaging (MRI) biomarker of “early” osteoar-
thritis (OA) associated with cartilage composition1. Cartilage hy-
dration, and collagen integrity and orientation are known to
contribute to cartilage T21. Previous studies reported a spatial
variation of T2, with values increasing from the deep to superﬁcial
cartilage layers1,2, and a relationship of T2 with mechanical tissue




ternational. Published by Elsevier Lbetween different age groups , but not between young men and
women5. Studies of longitudinal T2 change were performed in
older patients with knee OA6 and in young patients with juvenile
idiopathic arthritis7. However, we are not aware of longitudinal
imaging studies that have exploredmaturation of articular cartilage
in active adolescent subjects.
Using an ovine animal model, change in collagen density8 and
structure9 were observed over 72 weeks, from birth to a fully
mature status, and collagen density increased more strongly in the
deep than in the superﬁcial cartilage layer8. Histological studies in
humans described age-related changes in collagen IX until late
adolescence10, and changes in the non-enzymatic glycosylation of
cartilage proteoglycan and collagen11. In this pilot study, we explore
potential change of T2 in the deep and superﬁcial cartilage layers of
young adolescent subjects, i.e., during a phase at which the tibial
and femoral epiphyses are closing. The medial femorotibial jointtd. All rights reserved.
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compartment during physical activity. We hypothesized that lon-
gitudinal changes in cartilage T2 could be detected, indicative of
compositional change during cartilage maturation, and that these
exceed those in a control group of active mature subjects.Methods
Study participants
The study participants were previously described in a report of
longitudinal change in cartilage thickness and subchondral bone
area12. 20 young volleyball athletes were studied (baseline age
16.0 ± 0.6 years; 10 men, 10 women) who train twice daily for
approximately 2 h at the Olympiastützpunkt Berlin. Twenty mature
athletes (46.3 ± 4.7 years; 10 men, 10 women) were used as control
group: They had undergone an identical training protocol at the
Olympiastützpunkt when they were at the same age and still
actively play volleyball twice weekly. The study protocol was rati-
ﬁed by the local ethic committee and all participants (or their
parents) signed informed consent. Two male adolescent and one
male mature athlete were excluded from the analysis, because of
missing visits. Further, two male adolescent, one male mature, and
one female mature athlete were excluded because of insufﬁcient
image quality precluding appropriate ﬁtting of T2 values. At base-
line, the remaining 16 adolescent athletes (10 women, 6 men) were
15.8 ± 0.5 years old, 186 ± 7 cm tall, with a BMI of 21.4 ± 1.9 kg/m2.
The distal tibial and proximal femoral epiphyseal plates were open
in 10/16 (ﬁve female and ﬁve male) at baseline; at follow-up, only
two male adolescents still had marginally open epiphyseal plates.
The 17 mature athletes (nine female and eight male) were
46.5 ± 5.2 years old, 183 ± 10 cm tall, with a BMI of 24.3 ± 3.0 kg/m2
at baseline12.Fig. 1. MESE MR images showing the medial femur (MF) and the medial tibia (MT) of
one male adolescent athlete at baseline and follow-up. The segmentation of the MF
was restricted to the central, weight-bearing 75% of the MF (cMF) using one anterior
(yellow) and one posterior (turquoise) 3D plane. First row: T2 values overlaid over the
ﬁrst echo acquired at baseline (a) and follow-up (b); Second row: Cartilage segmen-
tation of the central part of the medial femur (cMF) and the MT at baseline (c) and
follow-up (d). Third row: Echo acquired at 9.7 ms at baseline (e) and follow-up (f);
Fourth row: Echo acquired at 58.2 ms at baseline (g) and follow-up (h).MR imaging and T2 analysis
Sagittal multi-echo spin-echo (MESE) images of the knee were
acquired in the dominant leg, using a 1.5T scanner (Avanto, Siemens
Medical Systems, Erlangen, Germany) and a dedicated eight-
channel knee coil. The repetition time was 1500 ms, and the echo
times 9.7, 19.4, 29.1, 38.8, 48.5, and 58.2 ms (slice thickness/spacing
3.0/3.5 mm, in-plane resolution 0.3125 mm). All imaging parame-
ters were kept constant between baseline and follow-up.
T2 was computed for each voxel ﬁtting a mono-exponential
decay curve to the measured signal intensities using a non-linear
method13. The ﬁrst echo was excluded to reduce the impact of
stimulated echoes1. Segmentation of the cartilage of the medial
tibia (MT) and the central, weight-bearing part of the medial
femoral condyle (cMF) was performed manually by an experienced
reader, with the regions of interest (Fig. 1) having been deﬁned
previously12. The reader was able to choose amongst images with
different echoes or that of color-coded T2 values. The image with
the shortest echo was generally used for segmenting the bone
interface and that with the longest echo for the cartilage surface;
however, the image with the short echo was helpful in differenti-
ating the cartilage surface from the meniscus (Fig. 1). Baseline and
follow-up images were displayed simultaneously, but without
unblinding acquisition dates. Because cartilage T2 is known to
display spatial variation with tissue depth1,2, the cartilages were
divided into the top (superﬁcial) and bottom (deep) 50%2, based on
the local distance between the segmented cartilage surface and
bone interface. To avoid contribution of T2 values from voxels with
low image quality, voxels were excluded if the coefﬁcient of
determination for the curve ﬁtting was below R2 ¼ 0.66.Statistics
The primary analytic focus was whether signiﬁcant longitudinal
change in cartilage T2 could be detected in the deep or superﬁcial
layer of adolescent athletes. The mean, median, minimum,
maximum, standard deviation (SD), and 95% conﬁdence intervals
(CI) of the longitudinal change were determined from the differ-
ence between baseline and follow-up T2 values in milliseconds
(ms). A non-parametric Wilcoxon signed rank test was used to test
Table I
Mean change in cartilage T2 times over 2 years in the deep and superﬁcial layer of
the medial tibia (MT) and the central part of the medial femoral condyle (cMF). Bulk
T2 times were computed without dividing the cartilages into layers
Mean SD 95% CI Median Min Max BL vs FU
Young athletes (N ¼ 16)
MT Superﬁcial 0.7 1.9 1.7 0.4 1.3 3.1 3.7 0.18
Deep 2.0 2.6 3.4 0.6 2.5 7.6 2.0 <0.01
Bulk 1.1 1.8 2.1 0.2 0.8 4.2 2.9 0.01
cM Superﬁcial 0.3 3.1 2.0 1.3 0.8 3.7 9.4 0.23
Deep 1.3 2.0 2.4 0.3 1.1 4.3 2.0 0.04
Bulk 0.8 2.2 2.0 0.3 1.2 3.5 5.2 0.07
Mature athletes (N ¼ 17)
MT Superﬁcial 0.2 2.6 1.5 1.1 0.1 5.6 5.0 0.82
Deep 1.4 4.5 3.7 0.9 0.7 14.7 7.7 0.16
Bulk 0.7 3.1 2.3 0.8 0.6 9.3 5.9 0.24
s Superﬁcial 0.0 1.7 0.9 0.9 0.5 4.9 2.0 0.64
Deep 1.1 3.7 3.0 0.8 1.2 10.2 7.2 0.17
Bulk 0.5 2.5 1.8 0.8 0.3 7.5 4.4 0.35
BL: Baseline, FU: Year two follow-up.
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ManneWhitney U tests were used to explore whether longitudinal
changes in cartilage T2 differed between young and mature ath-
letes. In addition, we explored whether baseline cartilage T2 values
differed between adolescent and mature athletes, or between men
and women. Given the above primary analytic focus and the rela-
tively small sample size of this pilot study, no adjustment for par-
allel comparisons was made.Results
Longitudinal ﬁndings
A signiﬁcant decrease between baseline and 2-year follow-up
was observed in cartilage T2 for adolescent athletes in the deep
layer of MT (P ¼ 0.008) and cMF (P ¼ 0.04); however, no signiﬁcant
change was observed in the superﬁcial layers (Table I). In mature
athletes, in contrast, no signiﬁcant longitudinal change was found
between cartilage T2 in either the deep or superﬁcial layer of MT
and cMF (Table I). The differences in longitudinal change of T2 in
the deep cartilage layer of MT and cMF between young and mature
athletes did not attain statistical signiﬁcance (P  0.15). No obvious
differences in longitudinal change were observed between male
and female participants (data not shown). Change in bulk T2 values
are shown in Table I.Table II
Mean cartilage T2 times observed at baseline in the deep layer and the superﬁcial layer of
T2 times were computed without dividing the cartilages into layers
All Females
Mean SD 95% CI Mean SD
Young athletes (N ¼ 16) (N ¼ 10)
MT Superﬁcial 50.5 2.4 49.2 51.8 49.8 2.0
Deep 49.4 2.4 48.1 50.6 49.8 2.4
Bulk 50.1 2.0 49.0 51.1 49.8 1.8
cMF Superﬁcial 53.7 2.6 52.3 55.1 52.4 1.7
Deep 46.8 1.4 46.1 47.6 46.6 1.5
Bulk 50.7 1.7 49.8 51.7 50.0 1.3
Mature athletes (N ¼ 17) (N ¼ 9)
MT Superﬁcial 52.7 3.6 50.8 54.5 51.1 3.0
Deep 47.7 3.9 45.7 49.7 46.3 1.9
Bulk 50.8 3.4 49.0 52.5 49.2 2.1
cMF Superﬁcial 54.2 4.4 51.9 56.5 53.9 4.3
Deep 46.5 3.6 44.6 48.4 44.8 2.5
Bulk 50.8 3.6 48.9 52.6 49.8 3.1Cross-sectional (exploratory and conﬁrmatory) ﬁndings
Without exception, the T2 was greater in the superﬁcial than in
the deep cartilage layer: this applied to MT and cMF, young and
mature participants, and men and women (Table II). The observed
T2 values in the superﬁcial layer tended to be greater inmen than in
women, with the difference reaching statistical signiﬁcance
(P < 0.05) in the cMF of young athletes and in the MT of the mature
athletes (Table II). The T2 also appeared to be greater inmen than in
women in the deep layer of cMF in mature athletes (Table II). No
consistent cross-sectional differences were identiﬁed between
young and mature athletes (Table II). Bulk T2 values for all groups
are shown in Table II.
Discussion
While previous studies have focused on the relationship of
cartilage T2 and degenerative cartilage change in OA6, the rela-
tionship of T2 with cartilage growth has not been reported, and
only few studies analyzed longitudinal change in cartilage T26. In
this ﬁrst longitudinal study of T2 change in cartilage maturation,
we observed a statistically signiﬁcant decrease of T2 in the deep
layer of the medial femorotibial cartilages in physically active
adolescent athletes, whereas no signiﬁcant change was observed in
the superﬁcial cartilage layer. Further, no signiﬁcant change in T2
was observed in any layer of the mature athletes.
Limitations of this pilot study are the relatively small sample
size, that the tibia and weight-bearing femur were analyzed
without further dividing them into speciﬁc (central and peripheral)
subregions, and that no non-athletic controls were examined to
study the speciﬁc effect of exercise. A longitudinal study in middle-
aged adults reported a smaller longitudinal increase in cartilage T2
of participants with moderate physical activity levels in contrast to
those in the lowest and highest physical activity tertiles14. Although
these participants did not have radiographic or clinical signs of OA,
they exhibited risk factors of incident symptomatic knee OA14.
Their physical activity level therefore likely was substantially lower
than that of the mature volleyball athletes studied here, evenwhen
in the highest tertile. A further limitation of our study is that only
one distinct period (around closure of the epiphysis) was studied,
although it is desirable to track T2 over several stages of matura-
tion, from child- to adulthood. However, strength of our approach is
that mature athletes were studied as controls, using the same MR
setup, although given age, activity levels, and frequency of sport
injuries12 these cannot necessarily be considered as “healthy”.the medial tibia (MT) and the central part of the medial femoral condyle (cMF). Bulk
Males Females
vs Males
95% CI Mean SD 95% CI
(N ¼ 6)
48.4 51.2 51.7 2.8 48.7 54.7 0.07
48.1 51.5 48.6 2.3 46.2 51.0 0.31
48.5 51.0 50.6 2.5 48.0 53.2 0.43
51.1 53.6 56.0 2.3 53.5 58.4 <0.01
45.5 47.7 47.2 1.3 45.8 48.6 0.56
49.0 50.9 52.1 1.6 50.4 53.7 0.02
(N ¼ 8)
48.7 53.4 54.5 3.5 51.5 57.4 0.04
44.8 47.8 49.2 5.1 45.0 53.5 0.42
47.6 50.9 52.5 3.8 49.3 55.7 0.03
50.6 57.2 54.6 4.8 50.6 58.5 0.67
42.8 46.7 48.4 3.9 45.1 51.7 0.03
47.5 52.2 51.8 4.1 48.4 55.2 0.37
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noise than at higher ﬁeld strengths. However, cartilage T2 mea-
surements at 1.5T and 9.4T equally predicted static and dynamic
compressive moduli of cartilage tissue3, with 1.5T T2 found
adequate for estimatingmechanical properties of human cartilage3.
Further, the spatial heterogeneity (and consistently greater super-
ﬁcial than deep T2) observed in our study is in agreement with
ﬁndings of previous studies, which also have reported adequate
test-retest precision for layer-speciﬁc T2 analysis1,2. Several studies
analyzed cartilage T2 values in three cartilage layers1,2; however,
given the relatively thin cartilages in the femorotibial joint and the
1.5T ﬁeld strength, a division into the deep vs superﬁcial 50% was
deemed adequate. The curve-ﬁtting for computing T2 was per-
formed using a mono-exponential decay function without cor-
recting for noise15; instead, a “goodness of ﬁt” measure (R2 < 0.66)
was used to eliminate voxels for which a reliable T2 estimate could
not be ascertained.
A trend was observed for men to show greater cartilage T2 than
women. In an earlier study, Mosher et al.5 did not ﬁnd evidence of
cartilage T2 to differ between both sexes in young participants.
Given the relatively small sample size of both studies and the
relatively large inter-subject variability of T2, however, these
different ﬁndings should not be overestimated. Larger studies are
required to ascertainwhether sex differences in cartilage T2 exist at
different stages of maturation.
To our knowledge, only one previous study investigated
longitudinal T2 change in young subjects, focusing on children
with early juvenile idiopathic arthritis7. Similarly to studies in
patients with (risk factors of) OA6, the authors observed an in-
crease in cartilage T2 and suggested that this reﬂects progressive
microstructural change driven by disease7. These ﬁndings are in
contrast to the decrease in deep layer T2 and the relatively stable
superﬁcial T2 observed in the young, active subjects examined in
this study. Most likely, the changes in T2 seen in the current
study are related to organizational changes in the collagen ma-
trix that occur at the end of adolescence. Histological ﬁndings in
animal models and humans8e10 have been observed in the deep
zone of articular cartilage during maturation, but it is unclear to
what extent the T2 changes observed in this study are speciﬁc to
these. However, we have previously described signiﬁcant carti-
lage thickening of up to 1.3% (26 mm) in the tibia and of up to
2.3% (36 mm) in the weight-bearing femur to occur in the young
adolescent athletes studied here12. This supports the hypothesis
that cartilage growth and maturation continue until the end of
adolescence, a phase during which we observed the signiﬁcant
decrease in deep layer cartilage T2. Future studies correlating
imaging measures of cartilage composition with molecular
markers obtained from body ﬂuids might allow assigning T2
changes to more speciﬁc alterations in cartilage metabolism
during growth, maturation, maintenance and degradation
in vivo. Such analyses may also help interpreting molecular
marker results in differentiating physiological and pathological
processes.
In conclusion, this ﬁrst pilot study on quantitative imaging of
cartilage maturation in healthy, athletic subjects reports evidence
of compositional change in deep cartilage layers of the medial
femorotibial compartment in adolescents, most likely related to
organizational changes in the collagen matrix.
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